Inhibition of vascular endothelial growth factor A (VEGFA) signal transduction arrests vascular and follicle development. Because antiangiogenic VEGFA isoforms are proposed to block proangiogenic VEGFA isoforms from binding to their receptors, we hypothesized that proangiogenic isoforms promote and antiangiogenic isoforms inhibit these processes. The antiangiogenic isoforms Vegfa_165b and Vegfa_189b were amplified and sequenced from rat ovaries. The Vegfa_165b sequence was 90% homologous to human VEGFA_165B. Quantitative RT-PCR determined that Vegfa_165b mRNA was more abundant around Embryonic Day 18, but Vegfa_189b lacked a distinct pattern of abundance. Antiangiogenic VEGFA isoforms were localized to pregranulosa and granulosa cells of all follicle stages and to theca cells of advanced-stage follicles. To determine the effects of VEGFA isoforms in developing ovaries, Postnatal Day 3/4 rat ovaries were cultured with VEGFA_164 or an antibody to antiangiogenic isoforms (anti-VEGFAxxxB). Treatment with 50 ng/ml of VEGFA_164 resulted in a 93% increase in vascular density (P , 0.01), and treated ovaries were composed of fewer primordial follicles (stage 0) and more developing follicles (stages 1-4) than controls (P , 0.04). Ovaries treated with 5 ng/ml of VEGFAxxxB antibody had a 93% increase in vascular density (P , 0.02), with fewer primordial and early primary follicles (stage 1) and more primary, transitional, and secondary follicles (stages 2, 3, and 4, respectively) compared with controls (P , 0.005). We conclude that neutralization of antiangiogenic VEGFA isoforms may be a more effective mechanism of enhancing vascular and follicular development in perinatal rat ovaries than treatment with the proangiogenic isoform VEGFA_164.
INTRODUCTION
During late embryonic development, oocytes are organized in large clusters called oocyte cysts. After birth, oocyte cysts begin to develop into individual follicles known as primordial follicles. A primordial follicle contains an oocyte surrounded by a single layer of squamous pregranulosa cells and is considered the first stage of development in follicle progression [1] [2] [3] [4] . By Postnatal Day 3/4 (P3/4) in the rat, 90% of the ovary consists of primordial follicles [2] . Only a small portion of primordial follicles will develop into a preovulatory follicle, while the majority of follicles will undergo atresia [5, 6] . Although much has been elucidated about factors involved in folliculogenesis, there is still a great deal to be determined. Vascular endothelial growth factor A (VEGFA) has been shown to be upregulated during the primordial to primary follicle transition [7] . VEGFA is a potent mitogen that is highly involved in angiogenesis, the formation and differentiation of blood vessels. It has also been shown that follicular development is accelerated in cycling female rats after administration of VEGFA and that injection of a VEGFA antibody into the ovary decreases follicular angiogenesis and completely inhibits ovulation [8] .
The Vegfa gene is composed of eight exons and produces different mRNA splice variants. These splice variants are translated into VEGFA protein isoforms with different numbers of amino acids. The predominant isoforms expressed in most tissues throughout the body are VEGFA_188, VEGFA_164, and VEGFA_120 [9] , and VEGFA_164 is the predominant isoform involved in the recruitment of endothelial cells and the formation of major blood vessels [10, 11] . The human VEGFA protein contains an additional amino acid residue on each isoform compared with the rodent; thus, the human VEGFA_165 isoform is homologous to the rodent VEGFA_164 isoform.
Until recently, all VEGFA isoforms were thought to be proangiogenic; however, antiangiogenic splice variants to VEGFA have been identified [12] . VEGFA_165B, the newly identified human antiangiogenic isoform, is formed by differential splicing from the end of exon 7 into what was thought to be the 3 0 untranslated region of the gene. This region has been identified as exon 8b. Isoforms that contain exon 8b instead of exon 8a are antiangiogenic isoforms. It has been proposed that there is a proximal splicing site that allows for production of proangiogenic isoforms and a distal splicing site that results in antiangiogenic isoforms [13] . In addition to the VEGFA_165B isoform, it has been proposed that every proangiogenic isoform has a corresponding antiangiogenic isoform in which exon 8a has been substituted by exon 8b [14] .
Previous studies [14] have shown that VEGFA_165B can bind kinase insert domain protein receptor (KDR, also known as VEGFR2 and FLK1) with the same affinity as VEGFA_165; however, it is incapable of activating or stimulating downstream signaling pathways. Furthermore, antiangiogenic VEGFA isoforms are downregulated in renal and prostate tumors, potentially allowing for enhanced tumor metastasis [14] . A possible mechanism for the antiangiogenic effects of the antiangiogenic isoforms is blocking the proangiogenic isoforms from binding to their receptors, FMS-like tyrosine kinase 1 (FLT1, also known as VEGFR1) and KDR.
Previous experiments in our laboratory demonstrated a novel role for VEGFA in the recruitment of primordial follicles into the growing follicle pool, as well as a potential survival factor for primary and later-stage follicles through vascular-dependent and vascular-independent mechanisms [15] . Our objective for the present study was to further investigate the role of VEGFA on vascular development and follicle progression in the perinatal rat ovary. We hypothesized that treatment with a recombinant VEGFA_164 or neutralization of antiangiogenic VEGFA isoforms via treatment with a VEGFAxxxB antibody would promote vascular and early follicular development.
MATERIALS AND METHODS

Animals
Embryonic, postnatal, and adult ovaries were obtained from our SpragueDawley rat colony at the University of Nebraska-Lincoln Department of Animal Science, with founders purchased from Charles River (Wilmington, MA). Ovaries were dissected from Embryonic Day 13 (E13) to P10 rats to evaluate ovaries across the following important developmental stages: the formation of oocyte cysts, the formation of primordial follicles, and the initiation of follicular activation and development. Embryonic age was calculated from days after coitus. Postnatal age was determined using day of birth as P0. All animal procedures were approved by the University of Nebraska Animal Care and Use Committee.
Vegfa Antiangiogenic Isoforms RT-PCR and Quantitative RT-PCR Total RNA from ovaries at different ages was isolated and converted to cDNA for subsequent RT-PCR according to previously reported methods [15] . The forward primer utilized for Vegfa antiangiogenic isoform conventional RT-PCR was previously used for Vegfa proangiogenic isoform RT-PCR in our laboratory [15] . The reverse primer (Table 1) was designed using the PrimerQuest primer design program (Integrated DNA Technologies, Coralville, IA). These primers were used with an annealing temperature of 54.58C for 35 cycles to generate products of 220 base pair (bp) for Vegfa_165b and 292 bp for Vegfa_189b. Gapdh is a constitutively expressed gene and was used as a control for RNA isolation and amplification [16] , and previously reported protocols [15] were utilized to produce a 460-bp product. All PCR products were subcloned and confirmed using restriction digest analysis. The PCR products were subcloned into pCRII (Invitrogen, San Diego, CA) using the TOPO TA Cloning kit (Invitrogen) and were sequenced with primers for the T7 promoter region (data not shown). The RT-PCR was conducted on three to five different samples for each time point. Quantitative RT-PCR (QRT-PCR) primers were designed using Primer Express 1.5 (software that accompanied the 7700 Prism sequence detector; Applied Biosystems, Foster City, CA) for rat Vegfa_165b and Vegfa_189b (Table 1) . Fluorescent probe (Table 1) was obtained from Integrated DNA Technologies. Procedures and analyses for the antiangiogenic Vegfa QRT-PCR were performed as previously described [15] . At least three different pools of tissue from each age group were utilized to obtain these data.
Embedding, Histology, and Immunohistochemistry
Ovaries were histologically prepared, and immunohistochemistry was performed according to standard protocols in our laboratory [15] . The primary antibody was a mouse polyclonal IgG 1 raised against a peptide corresponding to the 9-amino acid C-terminus of human VEGFA_165B (Abcam, Cambridge, MA). This antibody has been characterized previously to bind VEGF_189B, VEGF_183B, VEGF_165B, VEGF_145B, and VEGF_121B [14, 17, 18] . Therefore, this antibody is collectively known as VEGFxxxB but is sold commercially (R&D Systems, Minneapolis, MN; and Abcam) as a VEGF_165B antibody. In other experiments in our laboratory, this VEGFAxxxB antibody has been shown to bind rat VEGFA_165B, VEGFA_189B, and VEGFA_121B via Western blot analysis in gonadal tissue (Baltes-Breitwisch et al, unpublished results). As a negative control, serial sections were processed without primary antibody. The biotinylated goat antimouse secondary antibodies were diluted 1:300. The secondary antibody was detected with aminoethyl carbazole chromagen substrate solution (ZYMED Laboratories, San Francisco, CA). Immunohistochemistry was performed on at least three different sections of tissue from each age group.
Organ Cultures
Whole ovaries from P3/4 rats were cultured for 14 days in accord with previously reported methods [15] . One ovary from each animal was designated as a control, while its pair was treated with 50 ng/ml of recombinant VEGFA_164 (R&D Systems), 5 ng/ml of VEGFAxxxB antibody, or 50 ng/ml of VEGFAxxxB antibody (the same antibody utilized for immunohistochemistry; Abcam). Doses of VEGFA_164 and VEGFAxxxB antibody (both diluted in PBS with 0.1% bovine serum albumin [BSA]) were added directly to the culture medium of the treated wells at the start of culture, and treatment was repeated daily. Similar doses of PBS with 0.1% BSA were added to the paired control wells for the VEGFA_164 cultures, and nonspecific IgG in PBS with 0.1% BSA was added to the paired control wells for the VEGFAxxxB antibody cultures. We cultured P3/4 ovaries because ovaries from rats of this age consist predominantly of primordial follicles [2] and because similar ovarian organ culture procedures have demonstrated that primordial follicles can spontaneously initiate development to early primary follicles [5] .
Imaging and Area Analysis of Organ Cultures
After culture treatment, ovaries were imaged to obtain individual ovary areas as previously described [15] . The mean area of each control ovary was set to 100%, and the mean area of each treated ovary was calculated as a percentage of its paired control. In total, 12 (VEGFA_164 and 5 ng/ml of VEGFAxxxB antibody) and 15 (50 ng/ml of VEGFAxxxB antibody) ovary pairs were imaged for area measurements.
Whole-Mount Immunohistochemistry of Organ Cultures and Vascular Density Quantification
After imaging, ovaries were fixed in Bouins solution and paraffin embedded for histology (described herein) or fixed in 4% paraformaldehyde for whole-mount immunohistochemistry. Whole-mount immunohistochemistry for platelet endothelial cell adhesion molecule (PECAM1) utilized a mouse monoclonal IgG 1 primary antibody raised against rat platelet endothelial cell adhesion molecule (BD Pharmingen, San Jose, CA) and followed the same procedures used for our previously reported V1 ovary culture experiments [15] . Confocal microscopy was performed, and red channel images were used to analyze the vascular density of control and treated organ culture ovaries as previously described for our V1 ovary culture experiments [15] . The mean vascular density of each control ovary was set to 100%, and the mean vascular density of each treated ovary was calculated as a percentage of its paired control. In total, 23 (VEGFA_164), 11 (5 ng/ml of VEGFAxxxB antibody), and 15 (50 ng/ml of VEGFAxxxB antibody) ovary pairs were analyzed for vascular density.
Follicle Staging and Quantification of Organ Cultures
Organ culture ovaries not used for whole-mount immunohistochemistry were histologically prepared and stained with hematoxylin-eosin as previously [5] . Follicles were staged and counted based upon previously reported methods [15] . Specifically for these experiments, three ovaries were imaged at 2003 magnification, and the three middle histology sections were evaluated for each ovary. The mean number of follicles per area in each stage of development was statistically analyzed between control and treated ovaries. Additionally, the mean number of follicles from each treated ovary was expressed as a percentage of its paired control, and the percentages from all ovary pairs were analyzed. The mean number of each follicle stage was also expressed as a percentage of the total number of follicles from each area. These percentages were statistically analyzed between control and treated ovaries. Three ovary pairs were utilized for follicle quantification.
Statistical Analysis
All data were analyzed by one-way ANOVA using JMP software (SAS Institute, Cary, NC). Student t-test was used to compare the mean normalized QRT-PCR values between different developmental ages. Student t-test and Dunnett test were used to compare ovarian area, vascular density, and follicle counts between control and treated organs. Differences in data were considered statistically significant at P , 0.05 unless otherwise stated.
RESULTS
Vegfa Antiangiogenic Isoforms mRNA Expression During Ovarian Development
Through conventional RT-PCR and subcloning, our laboratory confirmed the presence of mRNA from the following two Vegfa antiangiogenic isoforms: Vegfa_165b (GenBank accession number EU040284.1 [Supplemental Fig. S1A available at www.biolreprod.org]) and Vegfa_189b (GenBank accession number EU040285.1 [ Supplemental Fig. S1B]) . A partial 3 0 untranslated region was determined from the Rattus norvegicus vascular endothelial growth factor gene 3 0 untranslated region (GenBank accession number U22372.1.) in developing and adult rat ovaries. We utilized these mRNA sequences to predict the protein sequence for rat VEGFA_165B (Supplemental Conventional RT-PCR was used to evaluate Vegfa antiangiogenic isoform mRNA expression in developing and adult rat ovaries. Eight developmental time points (E13, E14, E16, E18, P0, P4, P5, and P10) and one adult time point (P200) were evaluated. Messenger RNA from both Vegfa_165b and Vegfa_189 was detected at all time points evaluated (Fig. 1A) .
Quantitative RT-PCR demonstrated differential abundance of Vegfa_165b and Vegfa_189b during prenatal and perinatal development of the ovary (Fig. 1, B and C) . Specifically, Vegfa_165b levels increased from E13/14 to E18, but levels decreased again by P3/5 (Fig. 1B) (P , 0.05). Although a distinct Vegfa_189b mRNA pattern was not present, increased levels were detected at E14, E18, and P3 compared with E13 ( Fig. 1C) (P , 0.05).
Localization of VEGFA Antiangiogenic Isoforms Within Developing Ovaries
After confirmation of Vegfa_165b and Vegfa_189b mRNA expression during early ovarian development, immunohistochemistry was utilized to localize expression to specific cell types. Immunohistochemistry was performed on P0, P3, and P10 rat ovaries (Fig. 2) . Staining for antiangiogenic isoforms was localized to pregranulosa and granulosa cells of follicles from primordial through antral stages and to theca cells of preantral and antral follicles (Fig. 2, A-C) . Positive staining was also localized to oocyte cysts and to oocytes within primordial follicles (Fig. 2, A-C) .
Effects of Recombinant VEGFA_164 on Rat Ovarian Organ Cultures
Ovarian organ cultures were utilized to determine the effects of treatment with recombinant VEGFA_164 on vascular development and follicle progression in the perinatal rat ovary.
FIG. 1. A)
Conventional RT-PCR for Vegfa antiangiogenic isoforms from E13 to P10 developing ovaries and P200 adult ovaries. Gapdh served as a control for RNA isolation and amplification. Negative control samples (without template) did not produce a band (data not shown). B and C) Quantitative RT-PCR to detect Vegfa_165b and Vegfa_189b from E13 to P5 of ovarian development. Gapdh was used as an endogenous control to account for differences in starting material. These data are the result of at least three different pools of tissue from each age group. The mean 6 SEM normalized values are presented, and different letters represent a statistically significant difference in means (P , 0.05).
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Ovaries treated with 50 ng/ml of VEGFA_164 (Fig. 3D) had a 13% increase in ovarian area compared with their paired controls (Fig. 3 , A and G) (P , 0.006). The depth of treated ovaries was increased by 14% compared with controls (P , 0.008) (data not shown). Whole-mount immunohistochemistry with PECAM1 staining was conducted to determine the effects of VEGFA_164 treatment on vasculature. PECAM1 staining localizes endothelial cells [19] and thus identifies vasculature within the ovaries. Cultured ovaries treated with VEGFA_164 (Fig. 3 , E and F) had a 93% increase in overall vascular density and a 103% increase in vascular density within the middle ovarian slice compared with their paired controls (Fig. 3 , B, C, and H) (P , 0.01).
The number of follicles in cultured control ovaries (Fig. 4A ) was compared with that in recombinant VEGFA_164-treated ovaries (Fig. 4B ) to determine differences due to treatment. The mean number of follicles from each stage of development was not different between treated and control ovaries (Fig. 4C) . However, evaluation of the mean follicle counts from treated ovaries as a percentage of control ovaries revealed a 33% increase in secondary follicles in VEGFA_164-treated ovaries (Fig. 4D) (P , 0.02) . Furthermore, treated ovaries consisted of 47% primordial follicles and 53% developing follicles (stages 1-4), while control ovaries had 59% primordial follicles and 41% developing follicles (Fig. 4 , E and F) (P , 0.04).
Effects of Antiangiogenic VEGFAxxxB Antibody on Rat Ovarian Organ Cultures
Ovarian organ cultures were utilized to determine the effects of antiangiogenic VEGFA isoform blockage on vascular development and follicle progression in the perinatal rat ovary. Ovaries treated with 5 ng/ml of VEGFAxxxB antibody (Fig.  5D ) had a 19% increase in ovarian area compared with their paired controls (Fig. 5 , A and G) (P , 0.005), while ovaries treated with 50 ng/ml of VEGFAxxxB antibody had a 9% increase in ovarian area compared with controls ( Fig. 5G) (P , 0.004). The depth of treated ovaries was increased by 26% and 13% for 5 ng/ml and 50 ng/ml of VEGFAxxxB antibody treatment, respectively, compared with controls (P , 0.004) (data not shown).
Ovaries treated with 5 ng/ml of VEGFAxxxB antibody (Fig.  5 , E and F) had a 93% increase in overall vascular density and a 77% increase in vascular density within the middle ovarian slice compared with their paired controls (Fig. 5 , B, C, and H) (P , 0.02). The vascular density of ovaries treated with 50 ng/ ml of VEGFAxxxB was not statistically different from controls (data not shown).
Ovaries treated with 5 ng/ml of VEGFAxxxB antibody had 44% less primordial (stage 0) follicles and 27% less early primary (stage 1) follicles per section than control ovaries (Fig.  6A) (P , 0.05). Treatment with 5 ng/ml of VEGFAxxxB antibody also resulted in 50%, 493%, and 378% more primary (stage 2), transitional (stage 3), and secondary (stage 4) follicles per section, respectively (Fig. 6A) (P , 0.006) . Evaluation of the mean follicle counts from treated ovaries as a percentage of control ovaries revealed 44% and 27% reductions in primordial and early primary follicles, respectively, and a 518% increase in transitional follicles in VEGFAxxxB antibody-treated ovaries (Fig. 6B) (P , 0.03) . In addition, treated ovaries consisted of 39% primordial 
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follicles and 61% developing follicles (stages 1-4), while control ovaries had 59% primordial follicles and 41% developing follicles (Fig. 6D) (P , 0.0001). Specifically, ovaries treated with 5 ng/ml of VEGFAxxxB antibody consisted of 20% less primordial follicles, 8% more primary follicles, 13% more transitional follicles, and 3% more secondary follicles (Fig. 6C) (P , 0.02) .
Organ culture ovaries treated with 50 ng/ml of VEGFAxxxB antibody resulted in 48% less primordial follicles, 25% less total follicles, and 102% more transitional follicles per section than controls (Fig. 7A) (P , 0.02) . Evaluation of the mean follicle counts from treated ovaries as a percentage of control ovaries revealed a 47% reduction in primordial follicles in VEGFAxxxB antibody-treated ovaries (Fig. 7B) (P , 0.002) . Treated ovaries consisted of 41% primordial follicles and 59% developing follicles (stages 1-4), while control ovaries had 60% primordial follicles and 40% developing follicles (Fig. 7D) (P , 0.002). Specifically, ovaries treated with 50 ng/ml of VEGFAxxxB antibody consisted of 4% and 12% more primary and transitional follicles, respectively, and 19% less primordial follicles (Fig. 7C) (P , 0.03) .
DISCUSSION
The present study is the first (to our knowledge) to identify mRNA expression of antiangiogenic Vegfa isoforms in rat ovarian tissue. By utilizing the mRNA sequences to predict the antiangiogenic VEGFA protein sequences, we also determined that the rat antiangiogenic isoforms VEGFA_165B and VEGFA_189B are 1 amino acid longer than their comparable proangiogenic isoforms VEGFA_164 and VEGFA_188. Furthermore, neutralizing antiangiogenic VEGFA isoforms with a VEGFAxxxB antibody revealed a role for the antiangiogenic isoforms in the regulation of vascular and follicular development in perinatal rat ovaries. Notably, the neutralization of the antiangiogenic isoforms had a more dramatic effect on follicle development than treatment with a proangiogenic isoform.
In previous experiments in our laboratory, we detected mRNA expression for three proangiogenic Vegfa isoforms 
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(Vegfa_120, Vegfa_164, and Vegfa_188) and the Vegfa receptors Kdr and Flt1 in developing rat ovaries [15] . In the present study, mRNA expression was also detected for Vegfa_165b and Vegfa_189b in developing and adult rat ovaries. Analysis using QRT-PCR has demonstrated that Vegfa_188 mRNA is most abundant at E16 and that there are elevated amounts of Vegfa_164 and Vegfa_120 after E18 and P0, respectively [15] . For the antiangiogenic isoforms, QRT-PCR revealed that Vegfa_165b mRNA is most abundant around E18, but there is not a distinct pattern of abundance for Vegfa_189b.
Around E18 in the rat, primordial germ cells have formed germline cysts that are ceasing to proliferate and are undergoing meiosis. Germline cysts are composed of clusters of oogonia connected by intracellular bridges formed through incomplete cytokinesis. These cell clusters synchronously proliferate, and waves of oogonia enter meiosis in a nonsynchronous manner until they are arrested around birth [20, 21] . During embryonic development, the actions of VEGFA_188 and the antiangiogenic actions of VEGFA_165B may be important in regulating VEGFA-mediated vascular development and reorganization or other nonvascular functions of VEGFA that may affect oocyte maintenance or meiosis.
Between E18 and P3/4, the developing rat ovary transitions from being composed predominantly of oocyte cysts to being composed predominantly of primordial follicles [2, 22] . Oocyte cysts undergo a programmed breakdown in which pregranulosa cells invade, divide cytoplasm, and surround oocytes to form primordial follicles [3, 20] . During late embryonic and early postnatal development, VEGFA_120 and VEGFA_164 may act via vascular or nonvascular mechanisms to regulate the oocyte cyst to primordial follicle transition.
Previous immunohistochemical findings in developing rat ovaries have localized VEGFA to oocyte cysts, pregranulosa cells, granulosa cells, theca cells, and the cytoplasm of oocytes of preantral and antral follicles [15] . FLT1 and KDR have also been localized to oocyte cysts, pregranulosa cells, granulosa cells, theca cells, and oocytes of all follicle stages [15] . In the present study, antiangiogenic VEGFA isoforms were localized to oocyte cysts, pregranulosa cells, granulosa cells, theca cells, and oocytes within primordial follicles. Antiangiogenic VEGFA isoforms were localized to similar nonvascular (granulosa and oocyte) and vascular (theca) follicular cells as proangiogenic VEGFA isoforms and receptors. However, proangiogenic isoforms were localized to oocytes of advanced follicle stages (preantral and antral follicles), while antiangiogenic isoforms were localized to oocytes of nondeveloping follicles (primordial follicles). This suggests that the antiangiogenic isoforms may be important in dampening the proangiogenic and nonangiogenic functions of VEGFA signaling in the regulation of follicle development.
VEGFA_164 is the most potent VEGFA isoform that is capable of recruiting endothelial cells for the formation of large blood vessels within the body [10, 23] . Previous experiments demonstrated that VEGFA_164 was the only VEGF isoform capable of fully restoring tumorigenic capacity to VEGFAdeficient transformed cells [10] . In another study [24] , VEGFA gene fragments were injected into the ovaries of miniature gilts, 984 resulting in increased Vegfa_120 and Vegfa_164 mRNA in granulosa cells and VEGFA protein content in follicular fluid. Furthermore, there was increased capillary density within the theca interna and increased number of preovulatory follicles [24] . In our ovarian organ cultures, administration of recombinant VEGFA_164 stimulated an increase in vascular development and an increase in the percentage of developing follicles (stages 1-4) in treated ovaries. The increased amount of vasculature that resulted from VEGFA_164 treatment may be responsible for promoting follicle development in the perinatal rat ovary, or the VEGFA_164-mediated follicle progression may be the result of vascular-independent mechanisms. In mice lacking PTEN (a suppressor of PIK3) within their oocytes, all primordial follicles are activated during early adulthood, which results in premature ovarian failure [25] . Because VEGFA has been shown to activate the PIK3 signaling pathway [26] [27] [28] and because VEGFA and its receptors have been localized to primordial follicles [15] , VEGFA signaling through the PIK3 pathway may be involved in promoting primordial follicle activation. The human antiangiogenic VEGFA_165B isoform has been shown to inhibit tumor growth by blocking VEGFA-induced angiogenesis [12] . Because VEGFA_165B can bind KDR but does not activate downstream signaling [14] , a possible mechanism for this reduced angiogenesis is through the blocking of proangiogenic isoforms from binding to their receptors. It has also been shown that treatment with human VEGFA_165B can significantly reduce preretinal neovascularization in mice with oxygen-induced retinopathy, while still allowing normal physiologic retinal angiogenesis [29] . These studies demonstrated that administration of an antiangiogenic VEGFA isoform can regulate vascular development.
We hypothesized that a reduction in active VEGFA antiangiogenic isoforms would allow for greater action of the proangiogenic isoforms, thus increasing vascular density and stimulating ovarian follicle development. Treatment of organ culture ovaries with VEGFAxxxB antibody supported our hypothesis. The binding of antiangiogenic VEGFA isoforms to antibody blocks their binding to either VEGFA receptor. The vascular density of ovaries treated with 50 ng/ml of VEGFAxxxB antibody was not different from control ovaries; however, treatment with 5 ng/ml of VEGFAxxxB antibody had similar effects on vascular density as treatment with the proangiogenic isoform VEGFA_164. This suggests that blocking antiangiogenic isoforms from binding to VEGFA receptors allows for increased VEGFA-induced angiogenesis throughout the whole organ.
Both doses of VEGFAxxxB antibody resulted in a reduction in primordial (stage 0) follicle numbers and in an increase in transitional (stage 3) follicle numbers, but the lower (5 ng/ml) dose also produced a reduction in early primary (stage 1) follicles and an increase in primary (stage 2) and secondary (stage 4) follicles. We conclude that the antiangiogenic VEGFA isoforms maintain primordial follicles in an arrested state and that removal of this inhibition allows for increased progression of primordial follicles to the developing follicle pool.
In our experiments, treatment with 5 ng/ml of VEGFAxxxB antibody was more effective at promoting vascular development and follicle progression than 50 ng/ml. Compared with their paired controls, organs treated with 50 ng/ml of antibody also had a smaller increase in ovarian area and depth than organs treated with 5 ng/ml. These differences suggest that 50 ng/ml of VEGFAxxxB antibody may hinder ovarian development and may be too high for use in ovarian organ cultures.
Ovaries treated with both VEGFA_164 and the VEGFAxxxB antibody had an overall increase in ovarian area. We speculate that this change in area is the result of a greater composition of developing follicles, which are larger than primordial follicles, in treated ovaries compared with controls. Although treatment with recombinant VEGFA_164 and 5 ng/ml of VEGFAxxxB antibody produced similar effects on vascular density in cultured perinatal rat ovaries, VEGFAxxxB antibody treatment had a more profound effect on follicle development. It has been proposed that there is an antiangiogenic VEGFA isoform that corresponds to each proangiogenic VEGFA isoform [12] . Because the VEGFAxxxB antibody we utilized in our experiments was raised against a peptide corresponding to the 9-amino acid C-terminus of human VEGFA_165B, the antibody is likely blocking all VEGFA antiangiogenic isoforms from binding to their receptors, not just VEGFA_165B. Therefore, the more pronounced follicle progression seen with VEGFAxxxB antibody treatment compared with VEGFA_164 treatment may be the result of antibody binding to multiple antiangiogenic VEGFA isoforms. Another possible explanation for this difference is that the antiangiogenic isoforms may regulate follicle progression to a larger extent then the proangiogenic isoforms.
The results from the present study, along with findings from previous experiments in our laboratory [15] , demonstrate a dramatic role for proangiogenic and antiangiogenic VEGFA isoforms in the formation and maintenance of vasculature, as well as the regulation of follicle progression, in perinatal rat ovaries. However, blockage of VEGFA antiangiogenic isoforms from binding to VEGFA receptors is more effective at promoting vascular and follicle development than treatment with the proangiogenic VEGFA_164 isoform. In conclusion, VEGFA isoforms are involved in vascular development and follicle activation and may be manipulated to regulate follicle development in the perinatal rat ovary.
